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Many  mononuclear  complexes  of  nickel(II),1,2  copper(Il)35  and  especially  zinc(Il)6  K 
have  been  used  to  promote  the  hydrolysis  of  carboxylate  and  phosphate  esters  as  models  for 


hydrolytic  metalloenzymes.  In  contrast,  the  enzyme  urease  has  been  shown  to  contain  two 
nickel(II)  ions  in  the  active  site,”  but  as  yet  the  exact  nickel-nickel  distance  is  not  known.  In 


efforts  to  understand  the  roles  of  two  metal  ions  in  catalytic  hydrolysis,  dinucleating  ligands 
incorporating  the  macrocycle  cyclen  have  been  designed.  The  ligands  a,oc'-p- 


xylenediylbis(l,4,7,10-tetraazacyclododecane),  1,  and  l,4-but-2-ynediylbis(  1,4, 7,10- 
tetraazacyclododecane),  2,  were  synthesized  and  the  dinickel(II),  dicopper(II)  and  dizinc(II) 

t 

complexes  were  subsequently  prepared. 

These  molecules  contain  two  key  features.  First,  the  two  1,4,7, 10-tetraazacyclo- 


dodecane  (cyclen)  groups  are  linked  by  a  rigid  spacer  group  (either  p-xylenediyl 


1  2 
X  =  HjO,  HO",  N03- 
M  =  NI{U),  Cu(fl),  Zn(ll) 


or  2-butynediyl)  forcing  the  formation  of  dinuclear  rather  than  mononuclear  species.  The 
metal-metal  distances  are  estimated  to  be  3.7  and  3.3A,  respectively,  when  the  cyclen 
macrocycles  assume  a  syn  conformation.12  The  formation  of  a  sandwich  complex  around  one 
metal  ion  is  not  possible.  Secondly,  the  relatively  small  macrocycle  cyclen  can  only 
coordinate  to  four  mutually  cis  sites  of  a  metal  ion  in  octahedral  geometry.  This  leaves 
vacant  coordination  sites  with  cis  geometry  free  for  the  binding  of  water  molecules,  hydroxide 
ions,  and  a  substrate  ester,  amide  or  urea. 

Experimental  Section 

1.  Materials.  1,4,7,10-tetraazacyclododecane  (cyclen)  tetrahydrogen  chloride  was 
purchased  from  Parish  Chemical  Company  and  converted  to  the  free  amine  by  passage  down 
an  ion-exchange  column  (Dowex  1X8-100)  in  the  hydroxide  form.  l,4-Bis(4-methylbenzene 
sulfonyI)-but-2-yne  was  prepared  by  the  method  of  Jaworski  et  al.13  [Ni(cyclen)(N03)](N03'i 
and  rCu(cyclen)(N03)](N03)  were  synthesized  according  to  the  methods  of  Smieriak  et  al.14 
and  Styka  et  al.,15  respectively.  Other  commercial  reagents  were  used  as  obtained  without 
further  purification.  Acetonitrile  was  dried  by  standing  over  molecular  sieves  (class  3A,  8-12 
mesh)  for  24  hours. 

2.  Physical  Measurements.  Melting  points  (mp)  were  measured  with  a  Thomas 
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Hoover  capillary  melting  point  apparatus  below  200°C  and  with  a  Mel-temp  apparatus  above 
200°C.  IR  spectra  were  recorded  as  KBr  pellets  on  a  Perkin-Elmer  1600  series  FT-1R. 
Absorbances  are  listed  in  cm'1  as  weak  (w),  medium  (m),  strong  (s),  shoulder  (sh)  or  broad 
(br).  ‘H  and  l3C  NMR  were  recorded  on  a  General  Electric  QE-300  (300MHz  for  !H  and 
75MHz  for  !3C).  Chemical  shifts  (6)  are  referenced  to  TMS  in  organic  solvents  and  DSS  in 
D20.  Multiplicities  are  as  follows:  s=singlet,  d=doublet,  t=triplet,  q=quanet,  m=multiplet  and 
br=broad.  UV/visible  spectra  were  obtained  on  a  Hewlett  Packard  8452A  diode  array 
spectrophotometer  using  quartz  cells.  Fast  atom  bombardment  (FAB)  mass  spectra  were 
performed  on  a  Kratos  80  in  either  nitrobenzyl  alcohol  (NBA)  or  glycerol  (GLY)  matrix. 
Elemental  analysis  were  performed  by  Atlantic  Microlab.  Inc.,  Norcross,  GA.  Conductivity 
measurements  were  performed  with  a  Fisher  Scientific  conductivity  meter  (09-327). 
Potentiometric  titrations  were  performed  with  the  aid  of  a  Metrohm  655  "Dosimat" 
micrometer  driven  syringe,  the  pH  being  measured  with  a  Coming  ion  analyzer  250.  In  a 
typical  experiment  5.0mL  of  a  2x10  3M  solution  (in  M2*)  containing  0.1M  NaC104  was 
titrated  with  0.1M  C02-free  solution  of  NaOH  at  40°C. 

3.  Syntheses,  (a)  Synthesis  of  a,a'-p-xylenediylbis(l,4,7,10*tetraazacyclododecane), 
1.  To  cyclen  (2.654g,  15.4mmol)  and  anhydrous  K2C03  (2.13g,  15.4mmol)  suspended  in  dry 
acetonitrile  (20mL)  at  reflux  under  dinitrogen  was  added  dropwise  over  lh  oc.a'-dibromo-/?- 
xylene  (163mg,  0.616mmol)  dissolved  in  dry  acetonitrile  (lOmL).  The  mixture  was  allowed  to 
reflux  overnight,  filtered  while  hot,  and  the  residue  washed  with  hot  acetonitrile  (2xl0mL). 
The  filtrates  were  combined  and  the  solvent  removed  under  reduced  pressure.  The  excess 
cyclen  wa4  removed  by  sublimation  (0.2mmHg,  90°C)  to  leave  the  product.  Yield:  255mg, 
93%.  IR  (KBr):  v(NH)  3255,  s.  ’H  NMR  (CDC13):  8  7.29  (s,  4H,  ArH),  3.60  (s,  4H, 
ArCH2N),  2.88-2.46  (m,  38H,  NCH2  and  NH).  13C  NMR  (CDC13):  8  139.1  and  129.1  (ArC), 
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59.9  (ArCH2N),  51.2,  46.4,  45.9  and  44.5  (NCH2).  FAB+  MS  (GLY):  m/z  447,  (M+HT- 
Note:  Synthesis  of  1  was  previously  reported  with  no  experimental  details.16 

(b)  Synthesis  of  l,4-but-2-ynediyIbis(l,4,7,l(Metraazacyciododecane),  2.  This 

ligand  was  prepared  by  a  similar  reaction  to  1,  replacing  the  dibromoxylene  with  l,4-bi$(4- 
methylbenzenesulfonyl)-but-2-yne.  Yield  =  88%.  !H  NMR  (CDC)3):  5  3.46  (s,  4H,  CCH;N'  i, 
2.78-2.53  (m,  38H,  NCH2  and  NH).  13C  NMR  (CDC13):  8  79.4  (CCH2),  50.2  (CCH2),  47.1, 
46.4,  44.9  and  43.5  (NCH2).  FAB+  MS  (NBA):  m/z  395,  (M+H)+. 

(c)  Synthesis  of  [Zn(cyclen)(N03)](N03).  This  complex  was  prepared  by  the  same 
method  as  Ni(cyclen)(N03)2  replacing  Ni(N03)2  with  Zn(N03)2.6H20.  Yield  of  white 
microcrystals  70%,  mp  dec.>290°C.  IR  (KBr):  v(NH)  3178,  s:  v(N03)  1384,  s.  Electronic 
spectrum  (H20):  X  (e)  302  nm  (16).  ]H  NMR  (D20):  8  2.98-2.74  (m,  NCH2).  Anal.  Calcd 
for  CgH20N6O6Zn:  C,26.57;  H,  5.57;  N,  23.24.  Found:  C,  26.68;  H,  5.56;  N,  23.14. 

(d)  Synthesis  of  lNi2(l)(N03)4.x](N03)x.  To  1  (50mg,  0.112mmol)  dissolved  in 
absolute  ethanol  (5mL)  was  added  Ni(N03)2.6H20  dissolved  in  absolute  ethanol  (lOmL).  The 
mixture  was  refluxed  for  20min,  allowed  to  cool  to  room  temperature  and  the  hydroscopic, 
purple  product  collected  by  filtration.  Yield:  64.4mg,  71%.  IR  (KBr):  v(NH)  3221,  s;  v(NO?i 
1385,  s.  Electronic  spectrum  (H20):  X  (e)  356nm  (87),  440nm  (26),  580nm  (33).  FAB*  MS 
(NBA):  750  l(M-N03)+],  688  [(M-2N03)+],  626  [(M-3N03)+],  564  [(M-4N03)+J,  502  [(M- 
4N03-Ni)+].  Anal.  Calcd  for  C24H46N12Ni2012:  C,  35.50;  H,  5.71;  N,  20.70.  Found:  C,  35.02; 
H,  5.75;  N,  19.59. 

V 

(e)  Synthesis  of  [Cu2U)(N03)4.x](N03)x.  This  complex  was  prepared  by  the  same 
method  as  Ni2(l)(N03)4  replacing  Ni(N03)2  with  Cu(N03)2.3H20.  Yield  of  hydroscopic,  blue- 
powder  71%.  IR  (KBr):  v(NH)  3192,  s;  v(N03)  1385,  s.  Electronic  spectrum  (H20):  X  (e) 
594nm  (689).  FAB+  MS  (NBA):  757  [(M-N03)+J,  695  [(M-2N03)+J,  633  [(M-3N03)+J,  570 
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[(M-4N03n,  507  [(M-4N03-Cu)+].  Anal.  Calcd  for  C24H46Cu2N12012:  C.  35.08;  H,  5.64;  N, 
20.45.  Found:  C,  35.60;  H,  5.66;  N,  19.81. 

(f)  Synthesis  of  [Zn2(l)(H20)(N03)4.x](N03)x.  This  complex  was  prepared  by  the 
same  method  as  Ni2(l)(N03)4  replacing  Ni(N03)2  with  Zn(N03)2.6H20.  Yield  of  white 
powder  64%.  IR  fKBr):  v(NH)  3228,  s;  v(N03)  1383,  s.  Electronic  spectrum  (H20):  X  (e) 
296nm  (112).  NMR  (D20):  5  7.45  (s,  4H,  ArH),  4.05  (s,  4H,  ArCH2N),  3.28-2.72  (m. 
32H,  NCH2).  13C  NMR  (D20):  5  132.2  &  131.6  (Ar),  55.7  (ArCH2N),  49.4,  44.8,  44.0  & 
42.4  (NCH2).  FAB+  MS  (NBA):  762  [(M-N03)+],  699  [(M-2N03)+j,  634  {(M-3N03)*],  570 
[(M-4N03)+],  507  [(M-4N03-Ni)+J.  Anal.  Calcd  for  C24H4gN120]3Zn2:  C,  34.18;  H,  5.74,  N, 
19.93.  Found;  C,  34.44;  H,  5.48;  N,  19.57. 

(g)  Synthesis  of  [Ni2(2)(N03)4.x](N03)x.  This  complex  was  prepared  by  the  same 
method  as  Ni2(l)(N03)4  replacing  1  by  2.  Yield  of  hydroscopic,  purple  powder  54%.  IR 
(KBr):  v(NH)  3261,  s;  v(N03)  1385,  s.  Electronic  spectrum  (H20):  X  (e)  304  (126),  352 
(83),  562nm  (20).  FAB+  MS  (NBA):  696  [(M-N03)+],  633  [(M-2N03)+],  569  [(M-3N03)*]. 
Anal.  Calcd  for  C2oH42N12Ni20}2:  C,  31.60;  H,  5.57;  N,  22.12.  Found:  C,  31.29;  H,  5.85;  N, 
20.89. 

(h)  Synthesis  of  [Cu2(2)(N03)4.x](N03)x.  This  complex  was  prepared  by  the  same 
method  as  Ni2(l)(N03)4  replacing  Ni(N03)2  with  Cu(N03)2.3H20  and  1  by  2.  Yield  of 
hydroscopic,  blue  powder  71%.  IR  (KBr):  v(NH)  3144,  s;  v(N03)  1385,  s.  Electronic 
spectrum  (H20):  X  (e)  600nm  (574).  FAB+  MS  (NBA):  706  [(M-N03)+],  644  [(M-2N03)*j, 

f 

582  [(M-3N03)+],  517  [(M-4N03)+],  460  [(M-4N03-Cu)+].  Anal.  Calcd  for  C^H^CmN^O,,: 
C,  31.20;  H,  5.50;  N,  21.84.  Found:  C,  30.22;  H,  5.48;  N,  20.76. 

(i)  Synthesis  of  [Zn2(2)(H20)(N03)4.x](N03)x.  This  complex  was  prepared  by  the 
same  method  as  Ni2(l)(N03)4  replacing  Ni(N03)2  with  Zn(N03)2.6H20  and  1  by  2.  Yield  of 
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pale  yellow  powder  64%.  IR  (KBr):  v(NH)  3228,  s;  v(N03)  1383,  s.  Electronic  spectrum 
(H20):  X  (£)  308nm  (192).  JH  NMR  (D20):  5  3.97  (br  s,  4H,  CCCH.NCH-,),  3.68  (s,  4H, 
CCCH,),  3.04-2.74  (m,  24H,  NCH2).  13C  NMR  (D20):  8  79.4  (CC),  50.4  (CCCH2),  44.6, 
43.8,  42.9  and  42.3  (NCH2).  FAB+  MS  (NBA):  712  [(M-N03)+],  584  [(M-3N03)*].  521  [<M- 
4N03)+],  460  [(M-4N03-Zn)+j.  Anal.  Calcd  for  C^H^N^O^Z^:  C,  30.35;  H,  5.60;  N, 

21.24.  Found;  C,  30.55;  H,  5.46;  N,  21.05. 

Results  and  Discussion 

A.  Synthesis  of  the  Dinuclear  Complexes.  The  synthesis  of  ligands  1  and  2  was  inspired  by 
the  work  of  Alcock  et  al. 17,18  in  which  excess  cyclen  as  nucleophile  was  allowed  to  react  uith 
a  suitably  substituted  linking  group  such  as  a  dibromide.  It  was  found  that  at  least  a  25:1 
excess  of  cyclen  was  needed  to  prevent  significant  formation  of  a  product  containing  3  cyclen 
moieties  linked  by  2  spacer  groups  such  as  3.  Cyclen  was  recovered  pure  after  sublimation 
for  reuse.  The  product  was  then  isolated  in  quite  pure  form  as  the  residue.  The  dinuclear 
complexes  1  and  2  were  easily  formed  by  reaction  with  simple  metal  nitrates  in  ethanol. 
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B.  Characterization  of  the  Complexes. 

(a)  Solid  state.  According  to  the  infrared  data  (Table  1)  all  the  dimetallic  complexes  contain 
water.  Interestingly,  the  complex  of  zinc  nitrate  with  cyclen  does  not.  This  is  in  variance 
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with  the  previously  reported  work  of  Norman7,  who  mistakenly  assigned  a  dimetallic  structure 
to  the  complex  between  zinc  perchlorate  and  cyclen.  Elemental  analysis,  however,  points  to  a 
monometallic  complex,  [Zn(cyclen)(H20)](Cl04)2.  Furthermore,  Curtis  and  Curtis’9  found 
that  the  v2  out-of-plane  deformation  of  the  nitrate  group  is  very  indicative  of  the  type  of 
nitrate  groups  present.  Thus,  we  observe  resonances  at  806  and  825  cm'1,  which  strong!} 
suggest  that  the  complex  contains  both  a  bidentate  (chelating)  nitrate  and  an  ionic  nitrate. 

Both  dinickel  complexes  were  also  found  to  contain  only  bidentate  and  ionic  nitrates  but,  the 
dicopper  and  dizinc  complexes  show  resonances  for  bidentate,  monodentate  and  ionic  nitrate. 
However,  as  no  complex  of  this  type  containing  a  bidentate  bridging  nitrate  has  been  isolated 
that  possibility  cannot  be  ruled  out. 

(b)  Solution  state.  Conductivity  measurements  are  consistent  with  the  complexes  of  1  and  2 
existing  as  hydrated  species  [LM2(H20)m]4+  in  solution.  A  pH  titration  of  the  complex 
[Zn(cyclen)(N03)](N03)  was  identical  to  that  obtained  by  Norman7  for  the  perchlorate  salt, 
confirming  that  the  solution  species  is  a  monohydrate.  pH  titrations  of  the  bimetallic 
complexes  were  identical  to  those  of  the  corresponding  monometallic  cyclen  complexes.  For 
example,  [Zn(cyclen)(N03)](N03)2°  and  [Zn2(l)(N03)4.x)](N03)x  show  pKa’s  of  7.8  ±  0.1  and 
[Zn2(2)(N03)4.x](N03)x  shows  a  pKa  of  7.7  ±0.1.  This  would  suggest  that  there  is  no 
cooperative  effect  of  the  two  metal  ions  in  deprotonation  of  H20. 

Conclusions 

The  synthetic  method  provides  ready  access  to  dinucleating  ligands  with  metal-metal 
distances  appropriate  for  the  study  of  cooperative  effects  in  metal-catalyzed  hydrolysis.  A 
disadvantage  of  this  design  is  that  the  orientations  of  the  two  metal  cyclen  groups  with 
respect  to  each  other,  i.e.  syn  vs.  anti,  are  not  fixed.  If  the  groups  adopt  primarily  an  ami 
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conformation,  no  cooperativity  in  deprotonation  of  water  or  in  metal-hydroxide  attack  at  a 
coordinated  substrate  can  be  expected.  Addition  of  a  second  bridge  linking  the  cyclen  group 
would  further  restrict  the  conformational  mobility,  and  such  work  is  currently  in  progress. 
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Table  1.  Water  and  nitrate  v,  resonances. 


Compound 


[Ni(Cyclen)(N03)3(N03) 


[Cu(Cyclen)(N03)](N03) 


[Zn(Cyclen)(N03)3(N03) 


(Ni2(l)(N03)4J(N03)vyH20 


[Cu2(l)(N03)4.x](N03)x.yH20 


[Zn2(l)(N03)4.x](N03)x.yH20 


[Ni2(2)(N03)4.x](N03)x.yH20 


[Cu2(2)(N03Vx](N03)x.yH20 


[Zn2(2)(N03)4.x](N03)x.yH20 


vH20 


b  =  bidentate,  m  =  monodentate  and  i  =  ionic 
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Synthesis  and  Properties  of  Homonuclear,  Dimetailic  Niekel(II),  Copper(II)  and  Zinc(II) 
Complexes  of  p-Xylenediyl  and  2-Butynediyl-Bridged  Dicyclens. 

Christopher  G.  Crane  and  Cynthia  J.  Burrows* 

Department  of  Chemistry,  University  at  Stony  Brook,  Stony  Brook,  NY  11794-3400 

Abstract:  'Die  ligands  a,a/-p-xylenediylbis(l,4,7,10-tetraazacyclododecane),  1,  and  l,4-bui-2- 
yne'iiylbis(l,4,7,l0-tetraazacyclododecane),  2,  were  synthesized  and  the  dinickel(II). 
dinopper(II)  and  dizinc(U)  nitrate  complexes  were  prepared  and  characterized.  Both  dinickel 
complexes  were  also  found  to  contain  only  bidentate  and  ionic  nitrates  but,  the  dicopper  and 
dizinc  complexes  show  resonaces  for  bidentate,  monodentate  and  ionic  nitrate  in  the  solid 
state.  Conductivity  measurements  are  consistent  with  the  complexes  of  1  and  2  existing  as 
hydrated  species  [LM2(H20)m]4+  in  solution. 


X  r  h2o,  H0\  no3- 
M  =  Ni(lt),  Cu(ll),  Zn(ll) 


3 


